Indentation at very low load rate showed region of constant volume with releasing load in crystalline ͑c-͒Si, indicating a direct observation of liquidlike amorphous phase which is incompressible under pressure. Signature of amorphization is also confirmed from load dependent indentation study where increased amount of amorphized phase is made responsible for the increasing elastic recovery of the sample with increasing load. Ex situ Raman study confirmed the presence of amorphous phase at the center of indentation. The molecular dynamic simulation has been employed to demonstrate that the effect of indentation velocities has a direct influence on c-Si during nanoindentation processes.
Study of materials under pressure is always of immense interest both for electronic and mechanical properties. Material experience intense localized stresses under a rigid diamond indenter. Indentation with various indentator configurations is the most effective way for performing controlled experiments in studying pressure-induced phase transformation. These high stresses are reported for pressure-induced phase transformations to denser crystalline ͑c-͒ and amorphous forms in monovalently 1 and covalently bonded compound 2 semiconductors along with plastic deformation, leading to recrystallization by annihilation of dislocation in ionic bonded compound semiconductors. 3, 4 Phase transformation of Si under controlled pressure is of renewed interest in the age of ion cutting and ion doping to suit microelectromechanical and nanoelectromechanical systems ͑MEMS and NEMS͒ systems. 5 The study of transformation to the high pressure phase has technological importance for having control in the precision micromachining process steps using enhancement of ductility in these systems. 6 Along with transformation into various crystalline phases, amorphization of c-Si is also reported at the center of various indentors.
1, 7 The observation of these phase transformations, in particular amorphization are recorded by the ex situ techniques like transmission electron microscopy and Raman spectroscopic studies. Changes recorded in the in situ resistivity measurements during indentation in c-Si did not reflect any serious attempt for identifying phase transition. 7 In the cutting edge technological application of Si in MEMS or NEMS activities, an in situ information of phase transformations will be extremely useful in case of indentation studies where controlled pressure dependent studies can be performed.
We report here a direct observation of amorphization in c-Si during the indentation process at a slow loadingunloading rate. Ex situ Raman spectroscopic measurements are carried out to substantiate our claim. Direct observation of possible phase transition in the realm of other crystalline phases of Si is also explored at higher loading-unloading rates.
Intrinsic p-type c-Si͑100͒ substrates of 300 m thickness are used in the present study. The samples are indented using the microindenter with a Berkovich diamond indenter ͑three-sided pyramid with a nominal tip radius of 50 nm and having centerline-to-face angle, ⌿ = 65.3°͒. The indentation conditions are as follows: load 350-700 mN; loadingunloading rate 0.1-100 mN s −1 , and holding time 5 s. A LabRam HR800 ͑Jobin-Yvon, France͒ spectrometer with an automatized XY-table of acquisition is used to record the micro-Raman spectra ͑spatial resolution of 1 m, limited by spot size of laser͒ with excitation wavelength of 632.8 nm of He-Ne laser.
Typical loading-unloading curves are shown for extremely low loading-unloading rate of 0.1 mN s −1 ͑Fig. 1͒ for various loads in c-Si substrates. In all the cases, regions of constant depth are recorded ͑continuous-line-encircled͒ in the unloading line. In a crystalline material release in load ͑unloading͒ is bound to reflect in the change in the compressed volume due to relaxation. The unloading curve behaves differently, based on mechanical response of the indented and surrounded material. The observation of constant depth while releasing of load, thus indicates a possible presence of liquidlike state for which a change in volume is not appreciated. The observation of multiple such occurrences ͑Fig. 1͒ in the unloading line with increasing load may be due to the fact that amorphization may occur randomly at the freshly created surfaces of the larger deformed volume. It can also be mentioned that number of "pop-in" dotted-lineencircled ͑Fig. 1͒ in the loading line increases with increase in the load, indicating generation of progressively increasing number of defects in the stressed region beneath the indenter. It may be noted that no cracks were observed in the material during the tests supporting progressive increase in defects in the indented material. As a matter of fact heterogeneous nucleation of amorphization is reported in case of c-Si. 8 Time dependent elastic recovery in the indented sample is increases as peak load increases, as observed recoverable indentation depth increase with increasing peak load ͑Fig. 1͒. Increased amount of amorphized region with increasing load may corroborate with time depended elastic recovery of materials. 9, 10 Typical Raman line mappings for c-Si͑100͒ are shown for the edge and the central regions of the indentation spot ͓Figs. 2͑a͒ and 2͑b͔͒. The indent spot ͑shown in the insets͒ is chosen for a load 700 mN and loading-unloading rate of 0.1 mN s −1 . The Raman mode for Si-I ͑0-11 GPa͒ phase of c-Si at 521 cm −1 along with zone boundary peak at 300 cm −1 are shown for the spot at a corner close to the outside region ͓Fig. 2͑a͔͒. At the center of the indented spot ͓Fig. 2͑b͔͒, body centered cubic with eight atoms at the basis ͑bcc8͒ Si-III ͑10-0 GPa; 167, 382, and 437 cm −1 ͒ and rhombohedral ͑r8͒ structure Si-XII ͑12-2 GPa; 183, 350, and 397͒ are shown ͓Fig. 2͑b͔͒. 11, 12 At the center of the indent crystalline phase corresponding to Si-I almost disappears. A distinct broad peak around 493 cm −1 correspond to amorphous Si. 13, 14 A less intense peak at 523 cm −1 is close to reported 520 cm −1 optical mode of bulk Si-I. Resulting stress in the central spot of indentation may cause this shift. The observation of various phases of c-Si under indentation in this range ͑5 -100 mN s −1 ͒ of loading-unloading rate are detailed in our earlier report using Raman line as well as area mapping studies. 13 Unlike in the present report with slow loading-unloading rate, our previous study using high loading-unloading rate showed "pop-out" ͓encircled in the unloading line Figs. 3͑a͒-3͑d͔͒ burst in the unloading line for a fixed load of 500 mN and various loading-unloading rates. These pop-outs were associated with the formation of second phase͑s͒. 14 We must state that, irrespective of loadingunloading rate, transformation of c-Si into its other phases is unavoidable at the center of indentation along with the signature of amorphization.
The distribution of pressure under the indenter is given by,
where E is Young's modulus ͓130 GPa for Si͑100͒ and 185 GPa for Si͑111͔͒, is Poisson's ratio ͓0.28 for Si͑100͒ and 0.26 for Si͑111͔͒, 16 a is the contact radius, and r is the radial coordinate in the surface. With ⌿ of 65.3°in the Berkovich indenter, the pressure at the central region ͑for a spread of ϳ1 m in the micro-Raman resolution at the center͒ can be calculated ͓Eq. ͑1͔͒ as ϳ10 GPa ͑close to the boundary of ϳ1 m spot at the center͒ to 74 GPa ͑close to the center͒. Thus Si-III and Si-XII phases are also likely to be observed at the center of the indent spot ͓Fig. 2͑a͔͒. 8, 11 The estimated pressure requirement, of 24 GPa for the amorphization of Si at room temperature, 7 is also provided at the center of the indent and the near-by regions ͓Fig. 2͑b͔͒.
In order to examine the influences of strain rates on the mechanical properties of the silicon film under nanoindentation, the simulations are performed using various indentation velocities ranging from 40 to 100 ms −1 . The present molecular dynamic ͑MD͒ simulations adopt the Tersoff potential 17 to study mechanical properties of silicon crystal with the ͑111͒ plane on the nanoindentation by solving the Hamilton equations of motion using Gear's fifth predictor-corrector method. Meanwhile, the NVT model 18 is used to control the number of atoms N, the volume V, and the temperature T. Figure 4 presents four nanoindentation load-displacement curves obtained when indenting silicon samples with the different indentation velocities of V = 40, 60, 80, and 100 ms −1 . It is apparent that the effect of indentation velocities has a direct effect on the initial slope of the load-displacement curves of the various silicon samples. Specifically, for a constant indentation force, the indentation depth reduces as the indentation velocity decreases, which implies that the mechanical strength of the silicon samples increases with a reducing indentation velocity. This phenomenon arises as a result of an increase in strain energies as the indentation velocity increases, creating an increasing number of dislocations ͓see Figs. 4͑a͒ and 4͑b͔͒ , and thereby in turn decreases the mechanical stiffness of the silicon specimen. Remarkably, Figs. 4͑a͒ and 4͑b͒ also shows that the crystalline phase of silicon samples transform continuously to an amorphous phase, which implies a dramatic change in atomic shortrange order by application of sufficiently large strain rates. It is necessary to note that the experimental loading-unloading rate is many orders of magnitude slower than the current simulation rate, which is comparable to that used in other MD simulations. Due to the computational intensity of the congenital problem, many of these simulations were restricted to smaller model sizes or to very high loading rates, or to both. We could not catch the signature of constant volume in the unloading curve ͑continuous-line-encircled regions in Fig. 1͒ of the experimental observation. In MD simulation, the model has orderly arrangement for atomic position to be consistent with crystalline structure. In contrast, the current results show a great number of disordered atoms, which implies liquidlike behavior. However, the present MD simulations are nevertheless adequate for generating qualitative estimates. 19 Further study employing multiscale modeling systems could overcome intrinsic bottleneck in MD simulation to obtain larger model size and slower loading rate.
In conclusion, a direct observation of liquidlike phase is reported in c-Si under indentation at slow loading-unloading rate. Heterogeneous model of amorphization in Si is also verified along with the increasing time dependent elastic recovery of the amorphized volume with increasing load. Raman studies confirmed the amorphization of c-Si. Phase transition in the other crystalline phases of Si is also reported along with the evidence of the pop-out. Finally, the MD simulation has been employed to describe, qualitatively, the effect of indentation velocities on silicon samples during nanoindentation processes leading to amorphization.
